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Abstract. Basic experimental and theoretical results on ruthe-
nates and rutheno-cuprates are reviewed. The electronic struc-
ture of various ruthenates and exotic superconductivity in
Sr,RuQy4 with spin-triplet pairing are described. The complex
phase diagram of Ca,_,Sr,RuQy, involving competing mag-
netic phases and metal —insulator transitions, is described,
as are the exotic magnetic properties of Sr3Ru,O7 and of
the double perovskite SrYRuOg, and the coexistence of
superconductivity and magnetism in the rutheno-cuprate
RuSr,GdCu,;0g. Possible applications of Sr,RuO4 and
SrRuQj; are considered. The effect of strong electron correla-
tions is discussed, and the properties of ruthenates and cuprates
are compared.

1. Introduction

The term ruthenate denotes a large group of oxide materials
based on ruthenium, and the best known of these is SroRuOa.
The interest in ruthenates has seen an upsurge after the
discovery of high-temperature superconductivity (HTSC) in
the cuprates La,_Sr,CuOy [1]. In addition to the fabrication
of new Y-, Bi-, Tl-, and Hg-cuprates with a higher
T. > 100 K, in 1987 a search for other superconducting

S G Ovchinnikov L V Kirenskil Institute of Physics, Siberian Division
of the Russian Academy of Sciences, Akademgorodok,

660036 Krasnoyarsk, Russian Federation

Tel. (+7-3912) 432906

Fax (+7-3912) 438923

E-mail: sgo@iph.krasn.ru

Received 17 April 2002, revised 22 May 2002
Uspekhi Fizicheskikh Nauk 173 (1) 27—-50 (2003)
Translated by E Yankovsky; edited by M V Magnitskaya

materials not containing copper began worldwide. The
earlier known oxide superconductor Ba;_,K,BiOj3 has a
cubic structure, which differs from the layered structure of
cuprates, and the similarities of, and differences between, this
oxide and cuprates have been discussed by many researchers
(e.g., see Ref. [2]). Among oxides isostructural with cuprates,
SroRuOy4 with T, ~ 1 K proved to be the only known
superconductor [3]. Being isostructural with the antiferro-
magnetic insulator La,CuQOy, the ruthenate SroRuO4 exhibits
no long-range magnetic order and does not require doping,
i.e., possesses metallic and superconducting properties by
itself, without any additives, in contrast to La,CuQy.
Initially it was assumed that the study of the ruthenate
SroRuO4 would make it possible to clarify the HTSC
mechanisms in cuprates. It was soon found, however, that
the ruthenates form an extremely interesting class of
materials by themselves. First, the superconductivity in
SroRuO4 was found to be exotic, with triplet Cooper pairs
with spin S = 1 and a finite orbital angular momentum, and
exhibited a direct analogy with the superfluid phases of He-3.
Second, it was found that there is strong competition of
ferromagnetic, antiferromagnetic, orbital, and supercon-
ducting ordering, as well as metal—insulator transitions,
which manifest themselves most vividly in the complex
phase diagram of Ca,_,Sr,RuQy. Third, the double-layered
Sr3Ru,07 ruthenates constitute an example of a new class of
quantum critical points where even at low temperatures the
long-range magnetic order is suppressed by strong quantum
fluctuations. Furthermore, the dielectric ruthenates with a
double perovskite structure, SrYRuOg [4], have long been
known to have unusual magnetic properties. The ruthenium
ions in them form an fcc lattice with an antiferromagnetic
interaction between the nearest neighbors. In the Heisenberg
model, such a system of spins is frustrated and its ground
state is a spin liquid. Electron transport in systems with
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frustrated spins could be a very interesting area of research.
There are reports (so far not corroborated by other
researchers) that signs of superconductivity below 60 K
have been found in Cu-doped double perovskites
SroYRuOg [5]. Stabilization of the long-range antiferromag-
netic order observed in double perovskites is possible only if
there are additional weak perturbations, e.g., anisotropy.
Fourth, not so long ago rutheno-cuprates RuSro,GdCu,0Og
(hybrid compounds that can be considered natural super-
lattices with alternating RuO, and CuQO; layers separated by
insulator buffer layers) were discovered. It was found that
rutheno-cuprates exhibit coexistence of magnetism and
superconductivity [5]. Fifth, ruthenates proved to be very
interesting materials for applications: thanks to the high
thermodynamic stability and the high metallic thermal
conductivity, SroRuOy4 can serve as a good substrate for
HTSC films, while SrRuO; films could be used in the
fabrication of ferroelectric devices. The main properties of
ruthenates are listed in Table 1. In addition to stoichiometric
compounds, solid solutions in which Ca substitutes for Sr
are also intensively studied.

This zoo of ruthenates requires guidance, so to say. In
October 2001, the first international conference on ruthenates
and rutheno-cuprates was held in Salerno (Italy), with the
present author being the only scientist from Russia. The aim
of the present review is to introduce the readers of Physics—
Uspekhi to a rapidly developing area of research in the physics
of the condensed matter, and to its achievements and
unsolved problems. In addition to cuprates and manganites,
the system of ruthenates presents an example of competition
of different magnetic, charge, orbital, and superconducting
ordering, as well as various metal—insulator transitions.
Undoubtedly, strong electron correlations, inherent in
oxides of transition metals, are present in ruthenates, which
constitutes an additional complication for the theory but also
enriches the physics of the phenomena observed in such
materials.

2. Exotic superconductivity in Sr;RuQO4

Ruthenates form the Ruddlesden—Popper series
(Ca,Sr),+1Ru, 03,1 [7, 8] (Fig. 1). At n = 1 we have a layered
ruthenate SroRuOy4 isostructural with the compound
La,CuO4 (Fig. la), with the lattice parameters a =
b =3.8694 A and ¢ = 12.764 A at room temperature [9]. At
n =2 a double-layered metallic metamagnet Srz;Ru,O7;
(Fig. 1b) forms. At n = 3 we have the compound Sr4Ru30¢
(Fig. 1c). Finally, at n = co SrRuOs3 has a distorted cubic
perovskite structure. Actually, the double perovskite
CaYRuOg has the same structure as STRuQOs3, with a Y atom
substituting for each second Ru atom. Let us begin our
examination of the electronic structure of ruthenates with
the best studied and most simple case of SroRuQO4.

2.1 Electronic structure

and the Fermi surface in Sr;RuQy4

In contrast to the undoped antiferromagnetic insulator
La>CuOy4 with one hole localized on the copper atom in the
d,>_,» orbital, the ruthenate SroRuO4 has four valence
electrons of the Ru*™ ion that fill the tye states. As a result,
the three t,, bands formed with the participation of (p—d)-n
hybridized orbitals are filled to 4/3. Thus, the fact that this
ruthenate has more than one band ensures that it is in a
metallic state with a three-sheeted Fermi surface. In this sense
SrpRu04 can be called a self-doped system, in contrast to
LazCuO4.

Since the (p—d)-n bond is weaker than the (p—d)-o, the
admixture of the oxygen p-states in ruthenates is smaller
than in cuprates. For instance, the fraction of p-states near
the Fermi level in SroRuQy4 is 16%, while the fraction of Ru
4d-states amounts to 84% [10]. The band structure calcula-
tions of Sr,RuO4 by the LDA method [11, 12] have revealed
the presence of three bands (o, B, and y) that cross the
Fermi level. Analytical expressions for the dispersion law of
each band, E)(k) (A =a, B, v), were derived by the tight-

Table 1. The most studied ruthenates and their electrical and magnetic properties.

Compound Metal/insulator Magnetism Superconductivity
SroRuOy Metal, Exchange enhanced Triplet superconductor,
Fermi liquid paramagnet T.=15K
CarRuOy4 Mott—Hubbard Antiferromagnet —
insulator Tn =113 K
Sr3Ru,O~ Metal, Metamagnet near ?
non-Fermi liquid a quantum critical point So far not discovered, is possible
when sample quality is increased
CazRu,0O7 ‘Poor’ metal Antiferromagnet Nonsuperconductor
Tn =56 K
SrRuO3 Metal, Ferromagnet Nonsuperconductor
non-Fermi liquid Tm = 165 K
CaRuOs3 ‘Poor’ metal Paramagnet near ferromagnetic Nonsuperconductor
instability
SroYRuOg Insulator Antiferromagnet —
Tn =26 K
RuSr.GdCu,0g Metal Magnetic material, Ty = 133 K Superconductor
Ferromagnet? antiferromagnet? To" ~ 40 K~

Possibly, a weak ferromagnet

* T2" is the temperature of the onset of the transition
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Figure 1. Unit cells of the first three terms of the Ruddlesden—Popper
series.

binding method [10]. Here the index y corresponds to the
d,, orbital, and o and B, respectively, to the bands formed
by the d,. and d., orbitals. The band structure of SroRuO4
is highly anisotropic, and dispersion along the ¢ axis is
small. For instance, the velocities on the Fermi surface are
[12]

1 1

v, = 1.4x10% cm s~ , Uy =24 X% 10" ecm s~
As a result, the Fermi surface has the shape of slightly
corrugated cylinders, whose section by the basal plane is
shown in Fig. 2. Here the hole o band forms an oblate cylinder
centered at point X = (n/a, n/a), while the B and y bands
form electron cylinders centered at point I'. The o and f bands
are close to quasi-one-dimensional d,. and d.,, and their
degeneracy is lifted due to the small value of the interband
hopping integral, t; ~ 0.025 eV [13]. Experimental studies of
the Fermi surface in Sr,RuO4 by measuring the quantum
oscillations of electrical resistivity (the Shubnikov—de Haas
effect) and magnetic susceptibility (the de Haas— Van Alphen
effect) fully corroborated the shape of the Fermi surface
obtained in the band-structure calculations of [14, 15].

Despite the large difference in the resistivities along and
across the RuO» planes, p,/p,;, = 500, the temperature curves
for both p,, and p, at T' < 25 K are described by the Fermi-
liquid 72-law [3]. Deviations from the 7%-law appear when
T > 25 K. At high temperatures (7' > 100 K), p,, is approxi-
mately a linear function of 7, while p, decreases as 7" grows;
such temperature behavior is a characteristic feature of
cuprates, too.

SroRuQy4 exhibits no long-range magnetic order, but its
magnetic susceptibility is much higher than the Pauli
susceptibility of free electrons, y,. According to magnetic
measurements [3], y/y, = 7.3, which suggests the presence of
strong spin fluctuations. Indeed, calculation of the Stoner
factor IN(0), where [ is the exchange parameter at ¢ = 0 and
N(0) is the density of states at the Fermi level, produced the

Figure 2. Three cross sections of the Fermi surface of SroRuQy in the basal
plane of the body-centered tetragonal Brillouin zone [13].

following values:

IN(0) = 0.82 [11], IN(0) = 0.89 [13].

These values are close to the critical value IN(0) = 1, which
determines the instability of a paramagnetic state under a
transition to a ferromagnetic state in the band theory of
magnetism (Stoner’s criterion).

In SrRuOs3, the Stoner parameter IN(0) = 1.23 [16], so
that Stoner’s criterion is met and this ruthenate is a metallic
ferromagnet with a magnetic moment u = 1.6ug per formula
unit and 7. = 150K [17-21]. The reason the Stoner para-
meter in the cubic crystal SrRuQj is larger compared to that
in layered SroRuOy lies in the stronger p—d hybridization
and the greater contribution of the oxygen p-states into the
density of states at the Fermi level, N(0).

More recent results of Mazin and Singh [22] show that in
SroRuOy4 not only are the ferromagnetic (FM) fluctuations
strong, but so are the antiferromagnetic (AFM) fluctuations.
Indeed, because of the quasi-two-dimensional nature of the o-
and B-sections, the sheets of the Fermi surface are (if one
ignores interband hybridization, i.e., 1, = 0) the parallel
planes separated by the vector 2n/3a along the directions x
and y (see Fig. 2). Such Fermi surfaces exhibit the property of
nesting, leading to peaks in static magnetic susceptibility,
which is at is maximum at the pointq = Q = (2n/3a, 21/3a).
The susceptibility of the itinerant electrons

10(q) = ZM/»'LHq-,j Jr(ex,i) = fr(ektq.)) 7 (1)

Kij Ek+q,j — ki

where fr(er;) is the Fermi—Dirac distribution function for
electrons of band i, and the matrix element Mj; y1, ; in the
simplest approximation is assumed to be equal to 1 for the
same bands (i, j) and to 0 for different bands, was written by
Mazin and Singh [22] as

%0(q) = N(0) + 14 (q) - (2)

Here y,(gq) denotes the contribution to susceptibility deter-
mined by nesting. It is common knowledge that these
contributions are logarithmically large [23—25]. The total
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susceptibility in the random phase approximation is given by
the formula

: 1 =1(q) 20(q) 1 —1(q) N(0) = 1(q) 1n(9)

If I(Q)N(0) + I(Q) 7,(Q) > I(0)N(0), the AFM fluctuations
are stronger than the FM fluctuations. The calculations of
Mazin and Singh [22] show that 7(0) N(0) = 0.82 and
I(Q) N(0) + I(Q) 1, (Q) = 1.02, i.e., AFM fluctuations are
stronger than FM fluctuations. In addition, these calcula-
tions suggest that a uniform paramagnetic state is unstable
with respect to formation of a static spin density wave (SDW),
with a tripling of the unit cell along the directions x and y, a
feature not observed in experiments. Apparently, the rough
approximation used for matrix elements leads to an over-
valuation of y,(Q), but the conclusion that the Stoner
parameter is close to 1 at ¢ =0 and q = Q remains valid.
The competition of FM and AFM fluctuations is such that
not one type of long-range order has a chance of setting in.
The fragility of the balance between these two types of
fluctuations follows immediately from the fact that the
substitution of an admixture of Ti (a nonmagnetic element)
for ruthenium, i.e., SroRu;_, Ti, Oy, leads to the emergence of
an FM state already at x > 2.5% [26].

Strong FM fluctuations were detected in observations of
the Knight shift in the 70O NMR experiments [27]. A
striking confirmation of Mazin and Singh’s predictions
[22] concerning strong AFM fluctuations with a vector
q = Q = (2n/3a, 2n/3a) was the discovery of an incommen-
surate peak with q = (0.6n/a, 0.6n/a, 0) in inelastic neutron
scattering [28]. Thus, both theory and experiment suggest that
there are strong, competing FM and AFM spin fluctuations
in SroRuO4. The importance of these fluctuations for super-
conductivity will be discussed in Section 2.6.

2.2 Effects of strong electron correlations in SroRuOy4
The success of band theory in predicting the shape of the
Fermi surface and the peak with ¢ = Q in inelastic neutron
scattering has led to the belief that Sr;RuQy is a free-electron
metal in which strong electron correlation (SEC) effects play
no important role. However, it is very difficult to justify such
a conclusion from the general viewpoint. Indeed, SEC effects
are usually assumed to be insignificant if the kinetic energy of
the electrons, whose measure is the band width W, is large
compared to the Coulomb energy which can be characterized
by the intratomic Hubbard matrix element U. For band
widths W; ~ 1 eV, there is no reason for the inequality
W;> U to be valid in SroRuO4. As for the value of the
parameter U, at present there is no way it can be calculated
directly from first principles. The one thing that is clear,
however, is that for 4d-electrons the parameter U must be
smaller than for the 3d-electrons. Since the mean radius of the
4d shell is twice as large as that of the 3d shell, a possible rough
estimate is Usq = Usq/2. For the copper 3d-electrons in
cuprates, the value of parameter U, according to estimates
from different experiments, lies in the interval
Ucy ~4—8 ¢eV. Then for ruthenium one can expect that
Ury ~ 2—4 ¢V, which means that the electron system in
SroRuOQy is in the intermediate correlation regime near the
Mott—Hubbard transition point.

In addition to these general arguments, there are the
following direct experimental indications of the presence of
SEC effects in SroRuOg:

(a) high values of the electron effective masses measured by
the de Haas—Van Alphen method [14, 15], m, = 3.4m,,
mp = 6.6m,, and m, = 12m., where m, is the free electron
mass. Because of band structure effects, the mass of a band
electron is greater than m., however, the experimental effecti-
ve mass exceeds the calculated value by a factor of three to
four. The same mass ratio follows from specific heat measure-
ments [29]. A somewhat smaller value of the mass ratio, equal
to 2.5, follows from the data on electron photoemission [30];

(b) suppression of the one-particle density of states in the
low-energy region 0.5—2.5 eV below the Fermi level, which
manifests itself in the valence-band photoemission spectra [31]
(Fig. 3). This effect manifests itself most vividly in angle-
resolved photoemission spectra (ARPES), which make it
possible to directly measure the band structure in quasi-two-
dimensional systems. Figure 4 shows the ARPES data for
Sr>RuOy4 [32] and the results of a band structure calculation
[11]. Clearly, in the binding-energy interval from 0.5 to 3 eV
there are several bands emerging from the calculation that do
not appear in the experiments;

(c) the experimental value of the density of states at the
Fermi level, N(0) [31], is three times smaller than the
theoretical value obtained by the LDA method. Taking into

XPS b

Se3bs2 400 ev

-290 —280 -270 —260
Energy relative to Eg, eV
! a
|
| UPS
|
Z I
g [
© |
g I
5 |
& |
8 |
= |
hv=110eV
|
hy = 60eV

I
[
| .
IDenslty of states

—10 -5 0
Energy relative to Eg, eV

w

Figure 3. Spectra of UV (a) and X-ray (b) photoemission from the valence
band of SroRuOy for different incident-photon energies. The one-electron
density of states [12] is shown for the sake of comparison. (After Ref. [31].)
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Figure 4. Experimental band structure of SroRuO4 obtained in ARPES
measurements. The large and small black dots indicate, respectively the
strong and weak peaks in the ARPES data [32]. The dotted curves
represent the theoretical band structure [11].

account self-energy corrections to the one-particle energies in
the many-band Hubbard model [33] made it possible to lower
N(0) to the experimental value. According to Pérez-Navarro
et al. [33], SroRuQy is a system with intermediate correlations,
U~ W;

(d) Inoue et al. [34] discovered in the photoemission
spectra a low-energy satellite with a binding energy of
1.5 eV, which was interpreted by the researchers as a
manifestation of the lower Hubbard band. Their data led to
the estimate U = 2.4 eV, which together with the band width
W =14 ¢V yields U/W = 1.7. However, later this satellite
was related to contamination of the sample’s surface [31].

Thus, the gathered theoretical and experimental data
suggest that SEC effects are undoubtedly present in ruthe-
nates, but they manifest themselves not so strongly as they do
in cuprates. For SroRuO4 one can expect the intermediate
correlation regime, U ~ W, close to the Mott—Hubbard
transition point. Below it is shown that the isoelectronic
ruthenate Ca;RuQy is already a Mott—Hubbard insulator.
Another example of an isostructural and isoelectronic
compound is SryFeQy, also an antiferromagnetic insulator.
But how then is one to reconcile the conclusion that there are
SECs with U ~ W with the results of band theory discussed
above in Section 2.1?

The point is that the achievements of band theory, such as
the regular shape of the Fermi surface and the arrangement of
susceptibility peaks in k-space, follow from the very fact that
there is a Fermi surface, i.e., the Fermi-liquid properties of
SroRu04. The LDA method accounts to a certain degree for
the electron—electron Coulomb interaction, but becomes
invalid for U= W. The studies of the electronic structure of
cuprates have shown that in the metallic optimally doped
region, the Fermi surface obtained from first-principles LDA
calculations coincides with the Fermi surface established
through experiments [35]. However, the band widths and the
dispersion far from the Fermi level do not coincide. Figure 4
also presents an example of how for Sr;RuQO4 the experi-
mental Fermi surface (to which SEC effects contribute)

coincides with the result of an LDA calculation, but the
band width in the experiment is much smaller than it is in
band theory.

As for first-principles band-structure calculations that
allow explicitly for SEC effects, several approaches to this
problem have been developed, e.g., LDA +U [36], LDA-SIC
[37], and LDA++ (LDA+U + %) [38]. I believe that for
U = W the most suitable method is LDA++. Recently this
method was used to obtain very convincing results in
calculations of the electronic structure and magnetic proper-
ties of metallic iron: magnon dispersion [39] and the
magnetization and susceptibility as functions of temperature
above and below the Curie point [40] agree quantitatively
with the results of experiments. The LDA ++ method is based
on a combination of first-principles LDA band-structure
calculations and allowance for SECs in the dynamical mean-
field theory (DMFT), specifically developed to describe SEC
effects in the Hubbard model (see the reviews in Refs [41, 42]).
The band structure calculation of Sr;RuQO4 by the LDA++
method was done by Liebsch and Lichtenstein [43]. Their
results for the dispersion law and the Fermi surface are
represented in Fig. 5 which shows that the Fermi surface
with allowance for correlations coincides with the Fermi

*
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Figure 5. Quasiparticle band structure (a) and the Fermi surface (b) in
SroRuOy calculated by the LDA++ method [43]. The dots indicate the
one-electron band structure calculated by the tight-binding method.




26 S G Ovchinnikov

Physics— Uspekhi 46 (1)

surface in the LDA calculation, but the band width with
allowance for SEC effects is much smaller than in LDA. Note
that in all these calculations the Coulomb matrix elements are
adjustable parameters, and Liebsch and Lichtenstein [43] did
their calculations with U = 1.2 eVand J = 0.2 eV, where J is
the intratomic Hund exchange parameter.

2.3 Comparison of the structural properties

of Sr;RuQO4 and La;CuOy4

SroRuOy crystallizes in the K,NiF4-type structure, just as
La,;CuOy4 does. For cuprates the structural phase transitions
are known, hence, it is interesting to consider possible
structural transitions in SroRuOg4. For cuprates of the
La,CuQ4 family with the T-phase symmetry there is a
number of low-temperature phases related to rotations of
the CuOg octahedrons about axes that lie in the ab plane (the
soft X4 mode) [44]. Such rotations are characterized by
octahedron tilting. At the same time, the rotations of
octahedrons about the ¢ axis (the rotational £; mode) do
not lead to a structural transition in La,CuQ,4. However, the
related family R, CuOy4 (R stands for a rare-carth element)
with the T’-phase symmetry displays structural distortions
caused by the rotations of the CuQOy4 squares about the ¢ axis
[45]. Moreover, a similar type of structural distortion has
been observed in Sr;RhOy4 [46] and SroIrO4 [47], which are
isostructural with La,CuOy4 and SraRuOs.

Braden et al. [48] used the inelastic neutron scattering
method to study the lattice dynamics of the SroRuOy single
crystals. The phonon dispersion laws for the three different
types of vibrations along the [110] axis are shown in Fig. 6.
Here the dots represent the experimental data and the solid
curves the results of shell-model calculations. Clearly, there is
no evidence of the X4 mode instability, characteristic of
La,CuOy4. At the same time, there is a noticeable softening
of the X3 mode (rotations about the ¢ axis) at the Brillouin

% 23 P
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[ )
[ )
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Figure 6. Low-frequency part of the phonon dispersion laws of different
symmetry along the [110] direction of the Brillouin zone measured by
inelastic neutron scattering on a SroRuOy single crystal. There is clearly a
softening of the rotational £; mode at the zone boundary [48].

zone boundary. Although the frequency of the respective
vibrations decreases, it always remains finite, so that the
SrpRu0Oy lattice is stable to vibrations of X3 symmetry.
Nevertheless, the temperature curves of the frequency and
width of X3 line are anomalous, in contrast to those of X4
mode [48]. The frequency of 3 mode only slightly depends on
the ¢g. component, i.e., the rotational fluctuations about the ¢
axis are clearly of a quasi-two-dimensional nature. Braden et
al. [48] draw no definite conclusions concerning the reasons
for the softening of X3 mode. I believe that this may be
another manifestation of Fermi-surface nesting, which con-
tributes substantially not only to the magnetic susceptibility
but also to the dielectric polarizability [49].

2.4 Basic properties of the superconducting state

In their report on superconductivity in SroRuO4, Maeno et al.
[3] put the value of T, at 0.93 K; the presence of super-
conductivity was established by the Meissner effect and by
resistivity measurements for p,, and p.. The critical current
density j. measured at 7= 0.32 K amounted to 2.0 A cm~>
for the ab plane and 0.018 A cm~2 along the ¢ axis, and the
anisotropy factor of j. was 110. Measurements involved
2 x 2 x 0.1 mm? single crystals grown by the floating-zone
method [50].

Later it was found (see Ref. [51]) that T, strongly depends
on the concentration of nonmagnetic impurities and crystal
lattice defects. The best single crystals, grown at Kyoto
University [52], are 4-cm large. In these crystals, the mean
free path of the electrons / ~ 2000 nm and //¢ = 30, so that
the ‘clean’ limit is attained. The maximum value of T that has
been obtained so far is 1.489 K. Figure 7 shows the behavior
of T¢ as a function of the residual resistivity p, found from the
temperature dependence of the resistivity p = p, + A7 in the
4.2-25-K interval. The magnitude of p,, is determined by the
lattice defect concentration (open circles with numbers from
1 to 10) and the Al impurity (black circles, the data of
Mackenzie et al. [53]). The solid curve in Fig. 7 represents
the fit of Mackenzie et al. [53] to the Abrikosov—Gor’kov
theory for pair destruction by magnetic impurities [54].

T.,K
SI'2RUO4
1.2
0.8
10
o
0.4
0 L ° ° *
| |
0 1 3
Po> HQ cm

Figure 7. T. plotted as a function of the residual resistivity p, in SroRuOy;
the numbers correspond to the different samples from Ref. [51], and the
solid curve corresponds to the results that follow from the modified
Abrikosov—Gor’kov theory.
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A study of the temperature dependence of the critical field
H, for Sr,RuO4 samples done by Mao et al. [51] led to the
following relationship:

He,o(0) = aT7, (4)

where ¢ = 0.029 T K—2. Using the Ginzburg—Landau for-
mula for three-dimensional anisotropic superconductors,

b

Hy )(0) = m )

(5)

where ¢, is the magnetic flux quantum, and &, (0) is the
coherence length in the ab plane, we can establish the
relationship between the experimental values of £, (0) and T¢:

£(0) = (2‘%)1/2 + ©)

Both the data of Mao et al. [S1] and the data of earlier
research [55, 56] satisfy this relationship. To find the mean
free path / from measurements of the residual resistivity p,,
the researchers used the formula

B 2nhd
ezpo Z;le 7

where d = 6.4 A is the layer separation, and the sum of kg
over the three sections o, B, and y of the Fermi surface is
known from measurements of de Haas— Van Alphen quan-
tum oscillations. Thus, / can be related to p, and, through
Fig.7,to T.. On the other hand, Eqn (6) relates £, and 7. As
a result, Mao et al. [51] obtained the relationship between
¢.(0) and the mean free path (Fig. 8). The curve representing
this relation differs markedly from the curve for conventional
BCS superconductors,

11,1
& & U

(7)

(8)

where & is the inherent coherence length; from Fig. § it
follows that &, ~ 720 A. In equation (8), the constant f is of
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Figure 8. Correlation length &,,(0) plotted as a function of the mean free
path /. The lower (dashed) curve represents the dependence of £, (0) on /
for an ordinary superconductor of the BCS type [51].

order unity, and the Pippard coherence length &p is compar-
able to &gp (0). According to equation (8), £,,(0) decreases
with /, which contradicts the experimental data on Sr,RuQOs.

The temperature dependence of H; || for SroRuOy4 also
differs from the BCS type. For conventional superconductors
of the s type, Hn(T') only slightly (by several percentage
points) differs from the T2-law. For SroRuQj the difference
exceeds 10% [51].

Thus, a thorough analysis of the dependence of 7, and the
electrical and magnetic properties of SroRuOs on the
concentration of nonmagnetic defects and temperature
points to the difference between the superconducting state of
SroRu04 and that of a typical BCS superconductor. There are
also direct experimental indications of the exotic nature of the
superconducting state in Sr;RuQy4, which will be discussed in
the next section.

2.5 Symmetry of the order parameter in Sr;RuQg4
Even before the necessary direct experiments were conducted,
the possibility of a spin-triplet superconducting state in
Sr,Ru04 was predicted theoretically by Rice and Sigrist [57].
The researchers based their reasoning on the experimental
data of Maeno et al. [3] on the large enhancement of the
paramagnetic susceptibility in comparison to the Pauli
susceptibility, on the presence of a ferromagnetic state in
SrRuOs3, and on the assumption concerning the role of Hund
exchange in the formation of S = 1 triplet states of two holes
on the (d,., d..) orbitals. They examined the triplet super-
conductivity of a square lattice that was considered to be an
electron analog of the superfluid A-phase in *He.

As is known (e.g., see Ref. [58]), in the case of spin-triplet
pairing, the wave function of the pair can be written as a
matrix in the spin space:

Y=g ()11 +ga(k) (I T1) +111)

)
ral = (800,

where the eigenstates of the operator S with projections +1,
0, and —1 have the form

=(g o) 10+10=(7 o) n=(g 7).

The other way to express the wave function of the spin-triplet
pair is to use the base system of spin matrices:

©)

ieo, = (ioy0y, i0,0,, i6.0,) ,

ie.,

wi_ i(d(k) '0') oy :(*dx(k)Jridy(k)7

d-(k),

d.(k)
d(k)+ idyuc)) '

(10)

The components of vector d can be linearly expressed in terms
of the amplitudes g, (k):

g1 =—dy+idy, g=d., g3=d:+1id,.

Pauli’s exclusion principle forces the orbital part of the wave
function with S = 1 to be spatially odd, so that the orbital
quantum number /in Eqn (9) takes on only odd values: / = 1,
3, .... Accordingly, only p, f, ... pairing is possible. In the case
of p pairing, both the amplitudes g, (k) and the vector d(k) are
odd functions of k: g,(—k) = —g,(k), d(—=k) = —d(k).
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In a tetragonal crystal, the parameter d(k) must transform
by one of the odd irreducible representations, among which
are four one-dimensional representations and one two-
dimensional representation [57, 58]. To clarify the gap
symmetry still further, we turn to experimental data.
Information about the spin state of the order parameter is
usually extracted from measurements of the Knight shift in
NMR experiments and data on the scattering of polarized
neutrons, while information about the orbital state is
extracted from measurements of the muon spin resonance
(uSR) and the symmetry of the vortex lattice.

Measurements of the Knight shift on ruthenium nuclei
below T. are extremely complicated in view of the small
value of the gyromagnetic ratio for '9'Ru, !0ly=
0.2993 MHz kOe~', which requires the use of strong external
fields exceeding the critical fields He |(0) = 0.75 kOe and
Hy )iar(0) = 15 kOe. Hence the NMR experiments were
conducted on the nuclei of the oxygen isotope 7O (nuclear
spin I = 5/2) substituting for the isotope 1°O (I = 0). Figure 9
shows the temperature dependence of the Knight shift for
NMR on 70 in a magnetic field H = 6.5 kOe parallel to the
RuO: plane [59]. Within experimental errors, no changes in
T. were found, which proves that spin-triplet pairing is
present in Sr,RuQ4. Unfortunately, because of the small
value of He ||, it proved impossible to measure the NMR
signal in a field normal to the RuO» plane. Measurements of
the scattering of polarized neutrons [60] also provide the
definitive identification of SroRuOy4 as a spin-triplet super-
conductor.

Time-reversal symmetry breaking in the superconducting
state was detected by the increase in the rate of muon spin
relaxation below T, [61]. This experiment isolates the order

0.8
SrzRuO4
K, %
H(N 6.5 kOC)J_C ® le
m KV
0.6
T(H)
Sl L N e e L
K
0.4 |- /l
/
/|
;
s
02 | i |
d
. .
’ I
7z
_7 .
/,/ |
0= |
I
%0 ® 00 o ....'. e o o
—-0.2 |
| | |
0 0.5 1.0 1.5 2.0

T,K

Figure 9. Temperature dependence of the Knight shift in 70O NMR
measurements in SroRuO4, which proves the spin-triplet pairing of the
Cooper pairs. The dashed curve represents the results of the BCS theory
for singlet pairing [59].

parameter £, with S, = 0 and /, = %1 (the chiral p-wave):

d(k) = zA¢(ky £ ik,), 2=1|S.=0). (11)
The amplitude of such a gap is isotropic, A4(k)=
Ao(k2 + k2)'/2, and the gap never vanishes in the cylindrical
Fermi surface in SroRuQ4. Such behavior, however, contra-
dicts the results of a number of experiments, which point to
the presence of a line of zeros in the superconducting state.
Among these results are the power-law, as T — 0, tempera-
ture dependence of (a) the specific heat, C(T) ~ T? [62, 63],
(b) the relaxation rate in nuclear quadrupole resonance,
Ty ~ T3 [64], (¢) thermal conductivity, (T) ~ T? [65, 66],
(d) the penetration depth [67], and (e) electronic ultrasound
attenuation [68].

Several modifications of the symmetry of the order
parameter have been proposed in order to resolve these
contradictions: an anisotropic p-gap [69] or f-gap of the type

d(k) = 240 (ks + ik,) g(K) (12)

where g(k) is an even function of k, that vanishes at certain
values of k, e.g., g(k) = kyk, or g(k) = ki — k3 [70—-72]. Both
variants of the f-gap have a vertical zero line along the k. axis,
which should lead to a strong fourfold anisotropy of thermal
conductivity »(0, H) in a magnetic field, where 0 is the polar
angle in the ab plane measured from the direction of field H.
However, measurements of »(0, H) for a field H parallel to
the ab plane revealed a fairly weak anisotropy [65, 66], which
suggests that the zero line in the superconducting gap of
SroRuOy is horizontal.

Recently Zhitomirsky and Rice [73] proposed a mechan-
ism for the formation of a horizontal zero line allowing for the
orbital structure of the superconducting state emerging
because of the existence of many bands in SroRuOg4. The
point is that, due to the many-band nature of the Fermi
surface, the magnetic fluctuations which lead to spin-triplet
pairing [16, 22] exhibit strong orbital dependence, which
manifests itself, say, in NMR measurements [27]. As noted
by Agterberg et al. [74], the different symmetries {xy} and
{yz,zx} of the Fermi surface sheets with respect to z — —z
reflections lead to suppression of the interband scattering of
the Cooper pairs within one RuQO> plane. This means that
only one band plays an active role in the formation of
superconductivity, while in the second band superconductiv-
ity is induced by weak higher-order perturbations, such as
interplanar interband transitions. Then in the second band
the gap 4, and the intrinsic critical temperature Tc(g ) are small,
which for finite temperatures will lead to the observed
nonzero density of states at the Fermi level followed by a
crossover, as T — 0, to the state with a nonzero gap. Of
course, because of interband transitions there emerges a
peculiar proximity effect in k-space, and T, has one value
for the entire crystal; nevertheless, the idea that there are
active and passive bands with respect to pairing can be
verified through experiments.

The point is that for the y-band of {xy} symmetry, the
density of states at the Fermi level is enhanced due to a Van
Hove singularity in the [100] direction, while for the o- and
B-bands of {yz, zx} symmetry the effective (angle-dependent)
density of states is greater in the [110] direction [22, 75].
According to Agterberg’s calculations [75], for p pairing to
occur, the Abrikosov vortex lattice in the mixed state with
H ||z must be a square lattice with the axes oriented along
[100] or [110], depending on the anisotropy of the in-plane
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component of the field H.,. The neutron diffraction measure-
ments conducted by Riseman et al. [76] corroborated the
assumption that the vortex lattice in Sr;RuQOy4 is square
(Fig. 10). Furthermore the symmetry of the diffraction
pattern enabled the researchers to conclude that the y-band
contributes the most to the formation of superconductivity.
Interestingly, the measurement described in Ref. [76] revealed
that even for the weakest external field # =5 mT and a
neutron wavelength of 30 A the distance between the vortices
is fairly large: 0.64 pm. The fact that the y-band proved to be
the active band can easily be explained, since for this band the
spin—fluctuation interaction can be expected to be the
strongest. It is for the y-band that the experiments [14] on
the de Haas— Van Alphen effect yield the greatest value of the
effective mass (see Section 2.2). The band structure calcula-
tions [72] of partial contributions to the spin susceptibility
also show that the y-band provides the greatest contribution.
Despite the fact that nesting with Q = (2rn/3a,2n/34a,0) is
initially related to the quasi-one-dimensional o~ and B-bands,
the existing weak hybridization of the a-, B-, and y-bands is
sufficient for the contribution from nesting to enhance the
partial susceptibility of the y-band.

The two-band model of superconductivity with an active
band 1 (y-band) and a passive band 2 (a- and B-bands) was
examined by Zhitomirsky and Rice [73]. For band 1 the gap
has no zeros on the Fermi surface,

dy (k) ~ (sinkya + sinkya) . (13)

Due to the interplanar interband scattering of Cooper pairs,
the pairing in band 1 induces a gap in band 2:

. kya kya . kya kya k-c
dr (k) ~ (smT cos 74— sin =~ cos — ) c0s =
(14)
80
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Figure 10. The pattern of neutron diffraction on an Abrikosov vortex
lattice in SroRuOy4 [76]. The crystal axes a and b coincide with the
horizontal and vertical axes in the figure.

The gap d> (k) has a horizontal zero line at k, = +n/c. What s
important is that the zero line is retained under a small
admixture of gap (13) to the gap (14), with only the position
of the zeros along the k. axis being shifted slightly. The matrix
elements of intraband and interband pairing were selected in
the form

Pl k) =~ f00S(), f(K) =% , (15)
Vol K) = —2 )7 K), (k) = V2 cos 2

Vio(k,K) = —g3 /(&) (K)).

The interaction in the active band is attractive (g; > 0), with
the parameters g, and g3 assuming any sign. The densities of
states at the Fermi level are distributed according to the
results of measurements [14] of the de Haas—Van Alphen

effect:
N N0

N~ Na(0) + Np(0)

Calculation of the specific heat in the two-band model [73]
yielded

0.57

043"

df(Ex.)
dr ’

C(T)=2) Eu (16)
k!

where Ey; =/e7, + A7 (k) stands for the quasiparticle energy
in the band /=1, 2, and f(E) is the respective Fermi
distribution. The results of the calculation are shown in
Fig. 11. Note that at g,/g; = 0.85 the ratio of the effective
coupling constants is 4, /4; = g2N,(0)/g1N1(0) = 0.64, while
the ratio of T in the passive and active bands is

)
T,

=2 —0.086.
T

(17)

The field dependence of the residual density of states at
low temperatures is also described by the two-band model.
Even a weak magnetic field H < H,, rapidly restores up to
40% of the total density of states [63]. Such behavior can be
explained by suppression of superconductivity in the passive
o- and B-bands, with curve 4 in Fig. 11 corresponding to
this case. Thus, the two-band model with the active y-band
and the passive o, B-band makes it possible, due to the
proximity effect in k-space, to describe the triplet state with
a horizontal zero line in the gap Aiké and with a gap
A, (k) = Ao(sinky + sink,) that does not vanish on the
Fermi surface.

2.6 Comparison of superconductivity in the ruthenate
Sr,RuQy4 and in cuprates

Despite the close similarity of the crystal structures, the
difference in the orbitals near the Fermi level leads to a large
difference in the electronic structures and, as a result, in the
nature of spin fluctuations. The spin fluctuations in both
systems are large, but while in metallic cuprates in the region
of light and optimal doping the antiferromagnetic fluctua-
tions are very evident, in ruthenates there is significant
competition between ferromagnetic and antiferromagnetic
fluctuations. According to Mazin and Singh [22], AFM
fluctuations dominate in CayRuOy; still, spin-triplet super-
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Figure 11. Temperature dependence of the specific heat in the two-band
model of Sr,RuQOy4. The upper panel shows the theoretical results with the
following parameters: g>/g; = 0.85and g3/g; = 0.01,0.07,0.20 for curves
1-3, respectively. Curve 4 corresponds to the case where g»/g; = 0.1 and
g3/g1 = 0.07. In the lower panel the circles represent the experimental data
gathered by Nishizaki et al. [62], and the solid curve is curve 2 from the
upper panel. Also shown are the results of calculation in the single-band
model: an anisotropic gap with a line of zeros (dashed curve) and an
isotropic gap (dot-dash curve) [73].

conductivity is induced by FM fluctuations. Electron correla-
tions also exist in both systems, although in cuprates they are
probably stronger than in ruthenates. To establish the reason
for such a great difference in the values of T, in cuprates and
in the ruthenate SroRuOQy, in Ref. [77] the magnetic mechan-
ism of pairing was examined within the /—J— I-model.

For cuprates, the 1—J model emerges as the effective low-
energy model describing the motion of a hole against the
background of AFM fluctuations [78]. In the ruthenate
SroRu0y, bearing in mind the activity of the y-band, we can
also consider the motion of a carrier against the background
of FM fluctuations in the single-band model. Since local two-
particle states (‘doublets’) are disadvantageous (because of
SEC effects), it has proved convenient to represent the
Hamiltonian of the model in terms of the Hubbard X-opera-
tors:

H= Z(s —
7o
+JZ s —

Tty X7OXP;

foo

Z ff+o’ (18)

1
i):Sf~Sg:|:anng.

Here the Hubbard operators X7’ = | f, p)(f, ¢| are defined on
a reduced Hilbert space contdmlng empty states [0) and one-
electron states |o6) (¢ =1 and ¢ =]) at each site f. The
constraint on two-particle states is given by the condition that

XXX =1. (19)
The operators Sy and nyin Eqn (18) are the operator of spin
and the operator of the number of particles at site f, and the
vector J connects the nearest neighbors.

The ¢—J—-I model for SrRuO4 emerges from an
examination of the many-band electronic structure in the
strong correlation limit. This model will be discussed in
Section 3. It is assumed that SECs split the y-band into a
filled lower Hubbard band (LHB) with n. = 1 and a partially
filled upper Hubbard band (UHB) with n, = ny. The passive
o- and B-bands serve, within such an approach, as a reservoir
that ensures the presence of two holes per formula unit in the
sum over the three bands. To make the comparison with
cuprates easier, the authors of Ref. [77] use a hole representa-
tion. Then the electrons at the bottom of the UHB transform
into holes at the top of the hole LHB with a hole concentra-
tion ny, = 1 — ny. For cuprates the carriers are the holes at the
top of the electron LHB with an electron concentration
ne = 1 — ny. In the case of La,_Sr,CuOy4 ng = x.

In the mean-field approximation for systems with SECs
[79], the authors of Refs [77, 80] studied the superconducting
states with s, p, and d symmetries. An important feature of
systems with SECs is that, in addition to satisfying ordinary
self-consistency equations for the gap and the chemical
potential, all solutions must satisfy the constraint (19) which
in the superconducting phase leads to the following condi-
tion:

w2 (K =o.

k

(20)

which means that the amplitude of the wave function of a pair
at a single site is zero. An isotropic gap of the s type does not
meet the condition (20), but states with p and d symmetries
do. The gap is given by the following formula:

Zwl

A = o (k (21)

where / = p or d, and the coupling constants and the angular
parts are

1
ap =2, Yo(k) = 3 (sinky +isinky),

(22)
og = 2g— 1), Yylk)= % (cosk, —sink,).
Here
Pl g =T o= e,

z is the number of nearest neighbors, B, = (X’ X'), and
c(ng) = (1 4 np)/2 . The self-consistency equation for the gap
is similar to the equation of BCS theory with angular

anisotropy:
n( L
2t )’

w Z 2Ep,

(23)
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where E,; = [¢*(ng)(w, — m)* + Ail]l/z, and m is the dimen-
sionless chemical potential, also determined in a self-consis-
tent manner. The numerical solution of equation (23) at
T = T, and 4 = 0 is shown in Fig. 12, where the dimension-
less coupling constants in the p and d coupling channels (i.e.,
in Sr:RuO4 and cuprates) were selected numerically equal. As
a result, the difference in the values of 7. by a factor of 100
emerges only thanks to the different gap anisotropies which,
in turn, emerge because of the opposite signs of the effective
interaction. An analytical investigation of the equations for
T. done in Ref. [77] shows that in the case of p-type symmetry
the Van Hove singularity contributes nothing to the increase
in T, since in the effective density of states, the corresponding
small electron velocity on the Fermi surface and the angular
part of i,,(k) cancel out. On the other hand, for the d channel
there is no such canceling out of the angular part of y4(k),
with the result that the effective density of states has the
Van Hove singularity which drives T, up.

Thus, the results of a comparison of the superconductivity
in the ruthenate Sr,RuO4 and cuprates within a single model
suggest that two factors are responsible for the high values of
T. in cuprates: strong AFM fluctuations in the system of
strongly correlated carriers, and the presence of the Van Hove
singularity. Earlier Dagotto et al. [82] arrived at a similar
conclusion for cuprates. Among the theoretical papers on
spin-triplet superconductivity I would also like to mention
Ref. [83], where a Fermi liquid that is almost perfectly
localized due to SEC effects is examined in the two-band
model with triplet pairing caused by local Hund exchange,
which is very close in essence to the initial ideas of Rice and
Sigrist [57] about the reasons for triplet pairing.
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Figure 12. Concentration dependence of T for p pairing in ruthenates and
d pairing in cuprates. Here the coupling constants are A, = I/r and
g =2J/t[81].

3. Properties of the solid solutions Ca;_ ,Sr,RuQg4

Initially ruthenate studies focused on the nearly ferromag-
netic metal SroRuQy4 and the ferromagnetic metal SrRuOs. It
was assumed that in ruthenates, in contrast to cuprates (with
strong antiferromagnetic correlations), one is dealing with
ferromagnetic correlations. However, the discovery of anti-
ferromagnetism in Ca;RuQOy4 and the subsequent discovery of
a complicated set of structural, magnetic, and electronic

transformations in Ca,_,Sr,RuQ,4 showed that the situation
with ruthenates is much more complex and interesting than
was assumed initially.

3.1 Structural, magnetic,

and electronic transitions in Ca;RuQy4

The first samples of Ca,RuQO4 were synthesized by Nakatsuji
et al. [84] and Cao et al. [85]. This substance differs from
Sr,RuOy4 by the way in which RuOg octahedrons are oriented
[86], as is often the case with perovskite-like crystals [87]. The
very first magnetic measurements involving polycrystals [84]
excluded the possibility of ferromagnetic ordering: antiferro-
magnetism was discovered in Ca;RuQy, with a possible small
ferromagnetic moment caused by sublattice canting. Neutron
diffraction measurements [86] involving polycrystalline
Ca;RuO4 samples also confirmed the presence of AFM
order below Ty = 110 K.

Two research groups reported their results of studies
involving Ca;RuQy single crystals, with the magnetic proper-
ties differing very little but the electrical properties differing
substantially. Cao et al. [85] grew the Ca,RuQOy single crystals
by the self-flux technique [88], while Fukazawa et al. [89] grew
the Ca,RuQO4 crystals by the same technique used by
Lichtenberg et al. [50] to grow SroRuQOy single crystals, the
floating-zone method. According to Cao et al. [85], CazRuOg4
has Tv = 110 K and an easy axis of magnetization in the ab
plane, with the saturation magnetic moment pig amounting to
0.4up per ruthenium ion even in a strong magnetic field of
30 T, which is much smaller than the value of 2uy expected for
S = 1. According to the neutron diffraction data for poly-
crystalline Ca;RuQy4, the sublattice magnetic moment
m = 1.3up [86]. The measurements of the magnetic suscept-
ibility of single crystals done by Fukazawa et al. [89] showed
that Ty = 113 K and that the easy axis of magnetization lies
along the [010] direction. For both batches of single crystals,
Cao et al. [85] and Fukazawa et al. [89] noted that the
susceptibility is not described by the generalized Curie—
Weiss law. Both teams corroborated the presence of sub-
lattice canting and attributed it to the Dzyaloshinskii—
Moriya interaction [90] induced by structural distortions in
the RuO; layer.

The resistivity measurements done by Cao et al. [85]
revealed the nonmetallic behavior of p,(7T) over the 70—
300-K range with dp/dT < 0 and a decrease in p by eight
orders of magnitude as the temperature increased from 70 K
to 300 K. Here p(7T) is not described by an activation
dependence in the entire temperature range, and only in the
high-temperature range 220 K < 7'< 290 K can an activa-
tion gap E, =0.2¢eV be introduced. A dependence that
provides a better description of the behavior of p(7) in the
entire temperature range is

p(T) = Aexp (?)ﬁ

characteristic of hopping conduction with variable-range
hopping, while the exponent = 1/2 is characteristic of
three-dimensional hopping with allowance for electron
correlations [91]. Hopping conduction without correlations
with = 1/4 [92] agrees poorly with the experimental
temperature dependence of p. According to Cao et al. [85],
there is neither jump nor kink in the p(7') curve.

The temperature dependence of the resistivity p, in
Ca;RuOy single crystals was measured by Fukazawa et al.

(24)
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[89] in the 150—-300-K range and was found to agree well in
the entire temperature range with an activation dependence
with a gap E, = 0.2 eV. Important differences in the samples
used by Cao et al. [85] and Fukazawa et al. [89] also
manifested themselves in the temperature dependence of the
specific heat: in the 1-20-K range the specific heat [85] is
described by the formula

(1)
T

where from the point of intersection of the curve with the
y-axis it was found that y = 4 mJ mol~! K~2, which points to
the nonzero density of states at the Fermi level. Similar
measurements done for SrpRuO4 yielded 1y=
=45mJ mol ! K~2. On the other hand, similar measure-
ments done by Fukazawa et al. [§89] in the 1.8—15-K range
yielded y=0+1mJ mol™! K2 for CaRuO4 and
9 =394 1 mJ mol~! K~2 for SrpRuOy [3]. Thus, different
samples were found to exhibit marked differences in their
electronic properties with respect to both resistivity and
specific heat: a ‘poor’ disordered metal with SEC effects [85],
and a Mott—Hubbard insulator [89]. The reasons for these
differences probably stem from the technologies used in
growing the single crystals. In the floating-zone method [50],
the crystal in the process of growing is not in contact with the
crucible, which guarantees high purity of the crystal (surely
the mean free path / = 2000 nm in SroRuOy is proof of that;
see Section 2.4). Probably, the Ca;RuQO4 samples used by Cao
et al. [85] had defects in the stoichiometry or a small
admixture of impurities, which results in a small number of
carriers at the Fermi level.

While Sr;RuO4 and SrRuOj3 are structurally stable, due to
the large difference in the ion radii in calcium ruthenates
(1.04 A for Ca2* and 1.20 A for Sr2*) the probability of
excess oxygen appearing in the interstitial sites may be
substantial (just as it is in LasNiOga,s [94]). Even small
variations of the excess-oxygen concentration change the
pattern of structural phase transitions in Ca;RuQy, s, which
was thoroughly studied by Braden et al. [86], who used the
neutron diffraction method. Two groups of Ca;RuOg4
polycrystals were prepared for the neutron diffraction

=y 46T, (25)

studies: stoichiometric samples, which Braden et al. [86]
denoted S-Ca;RuOQy (the parameter ¢ = 11.94 A), and sam-
ples with excess oxygen, O-CaRuO4 (¢ = 12.35 A). The
stoichiometric samples were partially deoxidized from
0-Ca;Ru0y4 through annealing at 900°C in air and rapid
cooling. Note that in the single crystals used by Cao et al.
[85], ¢ = 12.1250 A, which confirms their nonstoichiometric
nature.

At room temperature, the structure of S-Ca,RuQOy differs
from the ideal K;NiF4-type structure in that it contains
strong orthorhombic distortions which get stronger as the
temperature drops. The group-theoretical diagram of possi-
ble distortions in the initial K,NiF4-type structure and the
respective rotations of the RuOg octahedrons are shown in
Fig. 13. The phase with the Acam structure (Cmca in
standard notation) is obtained through freezing rotations
about the ¢ axis by an angle ¢. As noted earlier in Section 2.3,
Sr,RuO4 shows a tendency toward such instability. The
phases Abma (Cmca) and P4,/ncm are known as the LTO
and LTT phases in cuprates [95, 96] and are obtained
through rotations of the octahedron by an angle 0 about
the axes that are in the ab plane. The structure of S-Ca>;RuOg4
is Pbca-symmetric with the angle ¢ = 11.8° which is almost
temperature-independent, and with the angle 6 equal to 11.2°
at 300 K and slowly growing to 12.7° as the temperature
drops to 11 K. A more thorough study of the structure of
S-Ca,RuQ4 by the neutron diffraction method at high
temperatures done by Friedt et al. [97] showed that the above
pattern of distortions with rotations of the octahedrons
through angles ¢ and 6 may be augmented by deformations
of the octahedrons proper, i.e., the Ru—O distance in the
plane monotonically increases with decreasing temperature
while the Ru—O distance along the ¢ axis monotonically
decreases. Near 7= 300 K these distances are approxi-
mately the same. In other words, the RuOg octahedron is
prolate along the ¢ axis at 7> 300 K, is almost regular at
T =300 K, and becomes more and more oblate as the
temperature drops. At 7= 90 K the oblateness reaches 2.5%.

The magnetic structure in Ca;RuQOy4 corresponds to the
coexistence of two AFM phases depicted in Fig. 14. The
A-phase can also be observed in La,CuQO4 and the B-phase

I4/mmm
aac\
b
Acam (Cmca) Abma (Cmca) P4y /ncm
2av/2a ¢ V2aV2a ¢ Via/2a ¢
rotations about [001] tiltings about [110] tiltings about [010]

Pbca
V2a+\2ac

tiltings about [110] + rotations about [001]

P21/L‘
V2a\2a ¢

tiltings + rotations about [001]

Abma

P4, /nem b

[110]

[l=x1+x0]

Acam

Figure 13. Diagram of possible structural transitions in Ca,RuQOy: (a) initial symmetry group and transitions to possible subgroups; (b) the respective

rotations of the RuOg octahedrons [86].
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Figure 14. Two antiferromagnetic phases of the S-Ca,RuQOy4 crystal with
the symmetry group Pbhca. The A-phase dominates [86].

in La;NiO4. The A-phase dominates in the stoichiometric
S-Ca;RuQ4 samples. As S-CasRuQy4 is cooled in the tempera-
ture range Ty < T < 150 K, the susceptibility increases when
the field H is directed along the hard axes of magnetization
[100] and [001] and decreases when the field is directed along
the easy axis of magnetization [010], which can be interpreted
as development of short-range order with the symmetry of a
weak ferromagnet in the RuQOg layers [98].

The crystal structure of the nonstoichiometric phase
0-Ca,RuOy is, at 7= 300 K, P2;/c-symmetric, a situation
similar to that for the LTT phase in cuprates. As the
temperature is lowered, at 7'~ 200 K there occurs a first-
order phase transition with a wide hysteresis into a Pbca
structure, just as in S-CasRuO4. The hysteresis is so wide that
even at T =11 K 24% of the sample remains in the high-
temperature P2 /c phase [86].

The magnetic properties of O-Ca;RuQy4 are characterized
by the same A- and B-phases as in S-Ca;RuOy4 (Fig. 14), but
here the B-phase dominates.

The behavior of the electrical properties of S-Ca,RuOg4
and O-Ca;RuQy is shown in Fig. 15. The dielectric behavior
of S-Ca;RuO4 above T suggests that the dielectric properties
cannot be explained by the formation of a two-sublattice
AFM structure, since in the SDW state the disintegration of
AFM order at Ty is accompanied by a metal—insulator
transition. Hence, to explain the dielectric properties of
S-Ca;RuQy in the paramagnetic phase (the reader will recall
that this material is isoelectronic with the metal Sr;RuQy),
Braden et al. [86] employed the idea of Mott—Hubbard
insulator. For O-Ca;RuQy4, as the temperature decreases
and becomes lower than 150 K, a metal —insulator transition
takes place. The transition temperature finds itself in the
hysteresis region of the structural transformation, so the two
transformations could be related. Since short-range order
develops in the same region (below 150 K), one cannot
exclude the possibility that the three subsystems in the
material, the electronic, the structural, and the magnetic, are
strongly correlated. Later Fukazawa et al. [89] observed such
a metal —insulator transition in stoichiometric Ca,RuQOy4 at
T = 357 K. It appears that the situation with the metal—
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Figure 15. Temperature dependence of electrical resistivity in metal-
lic Sr;RuQy4, in the Mott—Hubbard insulator S-Ca,RuQOy4, and in
0-Ca;RuQy4, where a metal —insulator transition is evident [86].

insulator transition in Ca,RuOg4 is similar to that with
transitions in vanadium oxides, e.g., in V,03[92, 99].

3.2 Metal —insulator transitions in Ca;_,Sr,RuO4

Recently Nakatsuji and Maeno [100, 101] discovered, in their
studies of the quasi-two-dimensional solid solutions
Ca;_,SryRuQy4, a complex set of electronic and magnetic
transitions from the triplet superconductor Sro,RuQOy4 to the
Mott—Hubbard AFM insulator Ca;RuQy. For intermediate
values of x there are metal —insulator transitions at x < 0.2
(Fig. 16) and metallic behavior with short-range AFM order
in the interval 0.2 < x < 0.5. At x = 0.5 there is a crossover
with the uniform susceptibility yx(0) rapidly increasing
(Fig. 17), which serves as an indication that Ca; sSro sRuO4
is close to ferromagnetic instability. As x — 2, the paramag-
netic metal transforms into the superconductor SroRuO4. The
region occupied by the superconducting phase is extremely
narrow, since triplet pairing is destroyed by defects, as noted
in Section 2.4. The phase diagram of Ca,_,Sr,RuO4, which
shows the various electric and magnetic states, is depicted in
Fig. 18. Friedt et al. [97] did a thorough investigation of the
structure distortions caused by substitution of Sr for Ca. By
applying the neutron diffraction method to powders and
single crystals they were able to add structural data to the
phase diagram of Ca,_,Sr.RuOy4 (Fig. 19). The figure also
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Figure 16. Temperature dependence of electrical resistivity in the ab plane
for the Ca,_,Sr,RuOy4 system [100].

shows the experimental points of structural phase transitions,
Ts, and of magnetic transitions, Ty; the dashed curve
designates the temperature 7p at which the magnetic

susceptibility reaches its maximum (see Fig. 17a). At x < 0.2
the metal —insulator transition is accompanied by a structural
transformation in which both phases, the low-temperature
and the high-temperature, have the same symmetry group
Pbca and differ only in the value of parameter ¢ (S for ‘short ¢’
and L for ‘long ¢’). In the metallic region there are two
structural transitions, which affect the concentration and
temperature dependences of the electrical conductivity and
magnetic susceptibility.
The entire set of structural transitions can be followed as
x decreases, beginning with SrpRuO4 (Fig. 19b) with a
K,NiF4-type lattice. The rotations of the RuOg octahedrons
about the ¢ axis by an angle ¢ lead to the emergence of an
I4)/acd phase. For x=1.0 the angle ¢ = 10.8°. Below
x = 0.5 there emerge additional rotations by an angle 0
about an axis in the ab plane, which may lead to a symmetry
of a subgroup of the group /4 /acd or group Pbca. At x = 0.2
the angle 6 = 7°; a further decrease in x leads to an increase in
0 and oblateness of the octahedrons along the ¢ axis on the
transition line from L-Pbca to S-Pbca, just as in the case for
stoichiometric CazRuO4 described in the previous section.
The temperature dependence of the electrical resistivity of
the nonstoichiometric insulator phase with 0 < x < 0.2 is
described by a hopping mechanism that allows for SEC
effects [equation (24)]. In addition to the transitions into the
metallic phase (described in the present section) that are
induced by the isoelectronic substitution Ca?* — Sr?t and
structural distortions, a transition to a metallic state with
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Figure 17. Temperature dependence of magnetic susceptibility in the ab plane for Ca,_,SryRuO4 with x < 0.5 (a) and x > 0.5 (b). The insets depict the
temperature dependence of the reciprocal susceptibility for the same compositions [101].
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Figure 18. Electronic and magnetic phase diagram of Ca,_,Sr,RuOy. The
following notation has been used: P for paramagnet, CAF for canted
antiferromagnet, M for magnetic phase, SC for superconducting phase,
Me for metal, I for insulator, and Ty/nm for the metal-nonmetal
transition point [100].
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Figure 19. Diagram of structural phase transitions in Ca,_,Sr,RuOj (2),
and various types of octahedron rotation in the respective phases (b) [97].

doping is also possible. Such a transition was studied using
the alloy series of Ca,;_,La,CuQOy single crystals (0 < x < 0.2)
in which the substitution Ca’* — La’* leads to electron
doping [102]. Actually, this means that a third dimension,
the carrier concentration, is added to the two-dimensional

diagram of Fig. 18, so that a three-dimensional phase diagram
emerges. According to Fukazawa and Maeno [102], the
metallic phase in Ca,_,La,RuQO4 resembles, in thermody-
namic and transport properties, the metallic phase of
Ca;_,Sr,RuOy4 with x > 0.5, in which the spin fluctuations
are of the ferromagnetic type. The opposite type of doping,
hole doping, is achieved in samples with an excess of oxygen,
CazRuO4+5.

Fang and Terakura [103] attempted to explain the
magnetic phase diagram of Ca,_,Sr,RuO4 on the basis of
first-principles band-structure calculations in the LDA
approximation. They found that the octahedron rotations
by an angle ¢ about the ¢ axis stabilize the FM state since such
rotations substantially reduce the p—d-n hybridization of the
Ru d,, orbital with the 2p orbitals of the in-plane oxygen Ol.
This leads to a reduction of the width of the y-band, so that
the Fermi level moves closer to the Van Hove singularity, and
this simplifies guaranteeing Stoner’s criterion. As for the o-
and B-bands, the state of the d,. and d., orbitals changes
little under rotations about the ¢ axis. The introduction of
rotations about an axis in the ab plane reduces the widths of
all three ty, bands, which enhances the nesting effect and
stabilizes the AFM phase. The results of Fang and Terakura
[103] are at first glance appealing. Two remarks concerning
these results are in order, however.

1. The rutheno-cuprate RuSr,GdCu,Og has exactly the
same rotations of RuOg octahedrons about the ¢ axis as the
Ca;_,SryRuQy system, with even the rotation angle ¢ ~ 14°
being close to the value of ¢ for Ca,_,Sr,RuO4 [93].
Nevertheless, RuSr,GdCu,0g has no FM order — only
AFM order (see Section 6).

2. Just as all LDA calculations, those done by Fang and
Terakura [103] are unable to describe the Mott—Hubbard
insulator at finite temperatures. The most that such calcula-
tions can achieve is to produce an antiferromagnetic dielectric
ground state (the SDW state) that must transform into a
metallic state as the temperature becomes higher than Ty.
Actually, Ca;RuO4 remains an insulator even above Tn. To
describe a Mott—Hubbard insulator one must take SEC
effects into account in the band structure calculations.

Recently Anisimov et al. [104] calculated the electronic
structure and magnetic properties of Ca,_Sr,RuO4 with
allowance for SEC effects by the LDA + U and LDA++
methods (see Section 2.2). The density of states for SroRuOy4is
shown for different values of the correlation energy U in
Fig. 20. At U = 1.5 eV, the a, B-band splits into the lower and
upper Hubbard bands and the d,. .. electrons become
localized. At U =2.5¢V, the d,, states also become loca-
lized. In their calculations the researchers assumed that SEC
effects are more strongly expressed for the o, f-band, since
according to the results of LDA calculations for Sr;RuQy this
band is twice as narrow as the y-band. According to Ref. [104],
when 0.5 < x < 2.0 and 0.2 < x < 0.5, the occupancy of the
bands (af, v) can be written as (3,1), i.e., three electrons in the
o, B-band and one in vy, while when 0 < x < 0.2, the
occupancy is (2,2), i.e., the y-band is completely occupied,
and the number of holes is zero, n‘;zo. This conclusion
contradicts the results of Mizokawa et al. [105], who in their
experiments on X-ray Ols absorption spectra in Ca;RuOg4
found that ) /nly; is equal to 1 at T = 300 K and to (1/2)/(3/2)
at T =90 K. Furthermore, to explain the localization of one
hole in the o, B-band in the (3,1) configuration, Anisimov et
al. [104] are forced to assume that there is additional orbital
ordering of the antiferromagnetic type, which is not observed
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Figure 20. Results of calculations of the density of states for SroRuQO4 by
the LDA +DMFT method at different values of parameter U. Solid
curves represent the partial contribution of the d,. and d.. orbitals and
the dashed curves, the contribution of d,, orbitals [104]. \

in experiments. The reason for the discrepancy with the
experimental results probably lies in the fact that from the
different ways of solving the problem Anisimov et al. [104] did
not select the optimal one. !

A different version of the band structure of the
ruthenates Ca,_,SryRuO4 has been proposed in Ref. [106]
and also allows for SEC effects (Fig. 21). It assumes that the
o, B-bands are split into Hubbard subbands in Sr,RuQO4 but
that the y-band is not split, although it is close to the Mott—
Hubbard transition point. In one-electron band theory, the
o- and B-bands are almost perfectly degenerate: the splitting
caused by interband hybridization ¢, is small, ¢, ~ 0.1 eV.
The splitting increases because of interband Coulomb
interaction. Indeed, in the mean-field approximation,

(26)

Vap iy g = Vyp(ny) ng + Vg ny(ng)

the band energies are renormalized,

8y — &y = & + Vap (np) ,
ep — &p = &g+ Vap (na)

and the splitting of the o, B-bands is
- - 2
Ae =g — & = = &+ Vop((n2) = (np)) ~ tap +3 Vg
(27)
! This remark was made by A Lichtenstein to whom I am grateful for a

discussion of the problems of electronic structure calculations with
allowance for SEC effects.

Here I have used the data on the occupancy of the o, B-bands
from Singh’s calculation [12]. At V,z ~ 1 eV the splitting
Ae =0.7-0.8 eV, which is comparable with the band width
Wy, = Wy =1.5¢eV. As in band structure calculations, there
are two electron Fermi surfaces in Sro,RuQy, which are formed
by the y-band and the upper Hubbard f band (- UHB) and a
single hole a-band with a hole concentration ny ~03 A"
Since the number of holes in the a-band is small, the spectral
weight of o-LHB is also small (~ nS/Z), so the Mott—
Hubbard splitting does not manifest itself in the almost
completely occupied a-band [41, 42].

The width of the y-band decreases and the system
approaches the critical point U ~ U, due to rotations of the
octahedrons about the ¢ axis (Fig. 21b). Since such rotations
do not affect the o, B-bands [103], the o, B-bands in the
interval 0.5 < x < 2.0 are assumed to be weakly dependent on
x. Further diminishing of x and the related rotations through
angles ¢ and 0 decrease the widths of all bands, so that at
x = 0 the y-band is split and Mott—Hubbard gaps between
the filled y-LHB and the empty y-UHB and between the filled
B-LHB and the empty B-UHB are formed. According to
Ref. [106], for Ca;RuOy4 the a-band is completely occupied.

In this picture of the band structure evolution beginning
with metallic SroRuOQs, the hole ratio ng /ngB =1, in accor-
dance with XAS data [105]. As the temperature of Ca;RuOg4
becomes lower, the octahedrons become oblate, which in
terms of one-electron orbitals means that the degeneracy of
their orbitals is lifted, and this makes the energy of yz/zx
orbitals higher than that of xy orbitals. However, when the
Coulomb interaction was taken into account in the Hartree —
Fock approximation, it was found that at 7= 90 K (in the
oblate octahedron) the two holes fill the yz and (xy + izx)/v/2
orbitals, so that n/nfy = (1/2)/(3/2), in accordance with
O1s-XAS [105].

The competition between the FM and AFM fluctuations
in ruthenates has been discussed in Section 2 in band-theory
terms. Let us study this problem from the viewpoint of the
opposite SEC limit. As is known, in the Hubbard model with
one electron per atom for the alternative lattice the AFM state
is stable for all values of U/W. However, in the limit U = co
only one carrier is needed to stabilize the Nagaoka FM state.
In the SEC regime where U > W, virtual transitions between
LHB and UHB lead to the AFM exchange J = 4¢%/U, while
intraband motion ensures the FM exchange of the kinematic
type, I ~ t. Let x be the carrier concentration near half-filling
of the band, i.e., ne = 1 4+ x for n. > 1 (electron doping) and
ne =1 —x for n. < 1 (hole doping). One can then make a
qualitative estimate of the competition between FM and
AFM fluctuations in the SEC regime: the gain from FM
ordering per bond is Egy ~ Ix, while the gain from AFM
ordering per bond is Eapm ~ J(1 — x?) ~ (4t/gz)(1 — x?),
where z is the number of nearest neighbors, W = zt,
g=U/W, and the factor (I — x?) =n.(2 —n,) guarantees
the absence of AFM fluctuations in an empty band and in a
filled band. Comparing Ery and Eapm, we see that for x < x;
the AFM state is preferable, while for x > x, the FM phase is
stabilized. Here

(28)

In the limit U — oo, x, =4/gz — 0 in accordance with
Nagaoka’s theorem. The simple estimate (28) is corrobo-
rated by a calculation of Ty in the generalized random phase



January, 2003

Exotic superconductivity and magnetism in ruthenates 37

y-UHB B-UHB y-UHB

B-UHB

y-UHB

y-LHB

Ny Nop Ny

N:‘L‘ﬁ Ny N&.B

Figure 21. Three-band model of the electronic structure of ruthenates with allowance for strong SEC effects [106]. Here UHB and LHB stand for upper
and lower Hubbard bands. The cases (a), (b), and (c) correspond to Sr,RuQOy4, Ca; 5Srg sRuO4, and Ca;RuOy.

approximation [107], where for small values of x

In(x) = % zJ — % xzt.
Here the second term on the right-hand side describes the
suppression of AFM fluctuations caused by kinematic
exchange.

Let us now describe the competition between the FM
and AFM fluctuations in ruthenates in terms of the band
structure in the SEC regime (Fig. 21). For SroRuQy, the y-
band is on the metallic side of the Mott transition.
According to band theory, a strong FM interaction with a
Stoner factor IN(er) = 1 provides strong FM fluctuations.
At the same time, interband transitions between Hubbard o-
and B-subbands in the SEC regime produce strong AFM
fluctuations in the same way that within the band approach,
nesting for the Fermi surface of the o, B-bands produces AFM
fluctuations. In SroRuQy, according to Mazin and Singh’s
LDA calculations [22], J ~ I. In the SEC regime, the FM
exchange [ ~ t,, while the AFM exchange J = 4t§B/ U~
tyz/U, and for t < U the FM exchange is predominant. Near
the Mott transition U ~ zt,, which means that J/I~
t,/U ~ 1/z = 1/4 in the two-dimensional RuO; layer. In the
effective low-energy model for Sr;RuQy, as the above analysis
suggests, one must retain the hoppings of carriers in the
Hubbard band, AFM exchange J, and FM exchange 7, i.e.,
one ends up with the 7—J—I'model proposed in Ref. [108] and
discussed in Section 2.6. Neither the LDA approximation nor
the SEC limit operate at the Mott transition point, but the
above estimates show that the two opposite limiting cases
suggest that in ruthenates J and [ are of the same order of
magnitude.

As the band structure in Fig. 21a is replaced with that in
Fig. 21b, i.e., x in the Ca,_,Sr,RuQy4 system decreases, the
AFM exchange in o, B-bands remains almost the same, while
the binding energy of the FM phase decreases, since the
carrier concentration at the bottom of y-UHB becomes
lower and an additional AFM exchange caused by virtual
interband y-LHB < y-UHB transitions comes into play.
Both factors lead to gradual predominance of AFM fluctua-
tions below x < 0.5. Note that in the concentration range of
Fig. 21b the y-electrons are still not localized and the
localized moment is formed chiefly by the almost comple-

(29)

tely filled B-LHB, with the result that an effective spin is close
to S = 1/2. This situation was observed by Nakatsuji and
Maeno [101] in their susceptibility measurements.

4. Spin fluctuation effects in the conducting
ruthenates (Sr/Ca)RuO3 and (Sr/Ca);Ru,0~

Among all the known oxides of 4d elements, SrRuQOs is the
only FM metal (Curie temperature 7y = 165 K and magne-
tization u = 1.6p5/Ru) that has a distorted cubic perovskite
structure [17—21]. Spin—orbit coupling in 4d elements is
stronger than in 3d-metal compounds, which means that
one can expect a higher degree of magnetic anisotropy and
the presence of magnetooptical properties. Indeed, measure-
ments of the exchange magnetization of polycrystalline [109]
and single-crystal [21] samples of SrRuQO3 show that satura-
tion of M(H) is not reached even in fields higher than 1 T.
Strong magnetooptical effects were detected by Klein et al.
[110] in thin SrRuOj3 films.

Band structure calculations [111—113, 16] have repro-
duced the main features of magnetic properties. According to
the results of specific-heat and photoemission-spectrum
measurements [112, 114], the density of states and band
widths differ from the results of band calculations, which is
typical of SEC effects. Studies of the transport properties of
SrRuOs [112, 115-117] have shown a non-Fermi-liquid
temperature behavior, which fits the phenomenological
definition of a ‘poor’ metal [118]. Measurements of reflec-
tance in SrRuO; films [119] showed that the low-frequency
conductivity a|(w) ~ 1/w'/?, in contrast to a|(w) ~ 1/w?
observed in typical metals. Note that the dependence
o1(w) ~ 1/w'/? is also observed in HTSC cuprates [120].
Mazin and Singh [16] provided a qualitative explanation of
the unusual transport properties of SrRuO3 on the basis of
LDA calculations. They stressed the importance of the strong
electron —phonon and electron —magnon interactions and of
the complex structure of the Fermi surfaces in both spin
subbands, consisting of electron, hole, and open surfaces.
Above Ty there is also strong electron scattering by para-
magnetic spin fluctuations. According to Mazin and Singh
[16], in SrRuO; there is a strong magnetoelastic interaction,
whereby it is difficult to separate the contributions of
electron —phonon and electron —magnon interactions.
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The isostructural and isoelectronic substitution Sr — Ca
suppresses the FM order. The crystal structure of SrRuOs
and CaRuOs; of the GdFeO; type (the symmetry group
Pbnm) coincides with the structure of another known
group of oxides, manganites LaMnOs. As in the system
Ca,_,Sr,RuQy, the difference in the ionic radii of Ca2" and
Sr2* leads to a situation in which the octahedron rotation
angles in CaRuO; are twice as large as those in SrRuOs.
CaRuOs; is a paramagnetic metal over the entire temperature
range. The band structure calculations of the total energy as a
function of magnetization done by Mazin and Singh [16] for
CaRuOj; revealed the presence of an extremely wide flat
section extending up to u = 1.5uz/Ru. A similar flat section
is known to exist in fcc palladium. Hence even light doping
can stabilize the FM state. A 2% substitution of Ti for Ru in
CaRuOs; is sufficient for stabilizing the FM state [121].
Moreover, paramagnetic spin excitations in CaRuO3 should
have extremely low frequencies, and magnetic impurities may
induce giant local moments.

To establish the relationship between the FM state and
rotations of octahedrons, Mazin and Singh [16] also calcu-
lated the energy and magnetization of CaRuOj3 for different
rotation angles ¢. The calculation for an angle ¢ correspond-
ing to CaRuO; yielded u=1.68uz/Ru and a gain of
AE = 0.06 eV/Ru in the energy of the FM state, which is
very close to the results for SrRuQs. The calculation for an
angle ¢ averaged over SrRuO; and CaRuO; produced
u=153u3/Ru and AE =0.029 eV/Ru. According to
Ref. [16], AE = 0 corresponds exactly to the value for the
experimental structure of CaRuOs;. These calculations
exposed the reason for the strong magnetoelastic interaction
in the system Ca;_,Sr,RuOs;. The isoelectronic oxide
BaRuOj has several modifications of the crystal lattice of
the hexagonal-perovskite type, and none of them has
magnetic order [122].

The two-layered ruthenate SrzRu,O7 has aroused much
interest as a candidate for a substance exhibiting super-
conductivity of the triplet type by analogy with SraRuOj.
Indeed, the two coupled RuO, layers possess a higher
structural stability than the single layer in Sr,RuOg4. Since
the electronic structure is quasi-two-dimensional, one can
expect that the basic features of the electronic structure of
SroRuO4 will be repeated in the two-layered ruthenate with a
splitting common for the two-layer case, which Hase and
Nishihara [123] and Singh and Mazin [124] showed to be the
case by their band calculations. Since triplet superconductiv-
ity is extremely sensitive to the presence of defects, the crystals
used in experiments must be of high quality.

Although polycrystalline samples of Sr;Ru,O; were
synthesized long ago by several research groups [125—127],
the study of their electrical and magnetic properties has begun
only recently. Different researchers report different results,
which is probably due to the difference in sample quality. No
one has discovered superconductivity in these samples. The
conclusion about the AFM ground state with localized
moments was drawn by Cava et al. [128] on the basis of an
analysis of the temperature dependence of the magnetic
susceptibility, y(7), for polycrystals, a dependence that
obeys the Curie — Weiss law with a maximum of x(7') at 20 K
and On < 0. At roughly the same time, the first measurements
involving single crystals grown by the self-flux technique from
SrCl; in Pt crucibles attested to weak itinerant ferromagnet-
ism [129]. Recently, a research group from Kyoto used the
crucibleless floating-zone method to grow perfect single

crystals in which the residual resistivity in the ab plane was
Pres = 3—4 pQ cm [130]. Later the same group produced
single crystals with p . =~ 2 uQ cm [131]. Nevertheless, none
of these crystals was found to exhibit superconductivity at
T > 50 mK. Figure 7 clearly shows that in Sro,RuQOy triplet
superconductivity is completely destroyed by defects at
Pres > 1 pQ cm. Hence one can expect that further progress
in growing high-quality Sr3Ru>O; crystals will make it
possible to detect triplet superconductivity.

Magnetic measurements involving the Kyoto single-
crystal samples revealed the presence of a susceptibility peak
at 7* =16 K [132]. A similar peak in the temperature
dependence of the Hall coefficient, Ry(7"), was discovered
in another series of Sr3Ru>O7 single crystals [133]. Different
authors give a different interpretation of the maximum at
point T*. According to Lui et al. [133], AFM fluctuations are
predominant below T*, while FM fluctuations are predomi-
nant above 7*. AFM spin fluctuations have indeed been
identified by inelastic neutron scattering at 7= 1.5 K [134].
At the same time, elastic neutron scattering does not reveal
the presence of long-range magnetic order in weak external
fields [135].

In the case of strong magnetic fields, Perry et al. [131] and
Grigera et al. [136] discovered a metamagnetic transition
(Fig. 22), which manifested itself in the field dependences of
the magnetization, M(B), and magnetoresistance, p(B).
Figure 22 shows that the critical fields are different:
B.(|lab) =5.5T and B.(||c) = 7.7 T. Metamagnetism can

e
W

B | ab 28K

<
~
T

20K

<o
o
T

Magnetization M, pz/Ru
e
[\)
T

<
—_
T

1.8

B¢ I ab

B I] ab

1 1
0 S 10 15
Magnetic field, T

Figure 22. Field dependences of magnetization (a) and magnetoresistance
(b) in Sr3Ru»07 single crystals for different configurations of the magnetic
field B[131].
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be observed at temperatures below 10 K. Here, the very term
metamagnetism requires explaining. Usually this term,
originating with Néel [137], is used in describing the collapse
of sublattices in antiferromagnets in which the anisotropy
field Hp is higher than the exchange field Hg (e.g., see
Ref. [138]). In this case there is no intermediate phase with
canted sublattices, and an antiferromagnet in a weak field
becomes a ferromagnet in a strong field. In the case of
SrsRu,07 there is no antiferromagnetism in weak fields.
Furthermore, here we are dealing with metamagnetism in a
system of itinerant electrons. Nevertheless, the discovery of
metamagnetism is a clear indication of the presence of strong
FM interactions in SrzRu,05. Incidentally, metamagnetism
in Sr;RuOy4 has not been discovered in fields as high as 33 T
[139]. Other examples of conducting metamagnets are MnSi
[140] and CeRuxSi» [141]. The importance of the discovery of
FM ordering in Sr3Ru,07 in strong fields amounts not only to
revealing the interesting properties of this metal but also to
the fact that this is the first macroscopic corroboration of the
presence of FM interactions in quasi-two-dimensional RuO»
layers, whose role was thoroughly discussed in Section 2.
Perry et al. [131] and Grigera et al. [136] also discussed the
question of whether the metamagnetic transition they dis-
covered in Sr3Ru,07 is a true phase transition in the field or a
crossover and conclude that in both scenarios low-tempera-
ture critical points may exist. But is there any experimental
evidence of the existence of critical fluctuations related to
metamagnetism in Sr3Ru,07? Such evidence may be obtained
by analyzing the temperature dependences of electrical
resistivity p(7") and specific heat (Fig. 23). The power-law
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Figure 23. Manifestations of critical quantum fluctuations in Sr3Ru,O7 in
the vicinity of a metamagnetic transition in the temperature dependences
of resistivity p(7") = T* (a) and specific heat (b). Figure 22a depicts the
dependence of the exponent « on temperature and field for B||/||ab, and
Fig. 22b for B||c.

dependence p(T) = T* is reduced to a Fermi-liquid depen-
dence with ¢ =2 only at T< 15K and far from the
metamagnetic transition, for B < B, and B > B.. At B ~ B,
and for all values of 7' (T > 2.5 K in the experiment of Perry
et al. [131]) there is a non-Fermi-liquid dependence with
l <o < 1.25. Note that the non-Fermi-liquid behavior
po(T) ~ T'? is known to exist for CePd,Si, within a broad
temperature range.

The electronic specific heat C¢/T described by formula
(25) in the case of a Fermi liquid, in a zero field first increases
with decreasing 7, but then, after it reaches its maximum at
7 K, it follows a dependence close to that described by
formula (25). In a finite magnetic field, C;/T monotonically
increases with decreasing 7, and in a field B = B. (note that
the fields in Figs 23a and b are oriented differently, with the
result that the critical values differ) Ce /T ~ lIg T. As we move
farther from the critical point, at B=9 T the slope
diminishes. Thus, both thermodynamic and transport prop-
erties indicate that there are critical fluctuations determining
the non-Fermi-liquid behavior of Sr3;Ru>O7 near a quantum
critical point. Perry et al. [131] give an interesting physical
interpretation of these fluctuations. The magnetic moment
appears in an itinerant ferromagnet as a result of spontaneous
separation of the Fermi surfaces with spins up and down. In a
band metamagnet, when the field is higher than B. an
additional magnetic moment appears for the same reason.
Then the critical fluctuations just discussed can be considered
fluctuations of size and form of the Fermi surfaces. Although
these fluctuations have a wave vector ¢ = 0, nevertheless, in a
quasi-two-dimensional system the polarized and unpolarized
Fermi surfaces will exhibit different nesting properties, so that
one can expect critical fluctuations with ¢ = 0 to be related to
fluctuations with large ¢ ~ m/a.

The magnetic measurements of Cao et al. [88] revealed
that for x>1/3 there is AFM ordering in the
(Ca,Sr;_,)3sRuO7 system. The electronic structure of
Ca3;Ruy07 and the ARPES measurements allowed Puchkov
et al. [142] to classify this material as a ‘poor’ metal in which
the spectral weight near the Fermi level is suppressed (but not
completely) by SEC effects.

5. Magnetism
in the double perovskite Sr,YRuQOg

Actually, the crystal structure of the double perovskite
SrYRuOg coincides with that of SrRuOs in which every
second Ru ion is replaced with a Y ion. This is an AFM
insulator with Ty = 26 K. The ruthenium ion is pentava-
lent, Ru’", with a 443 configuration in the high-spin *A,,
state with spin S = 3/2, The family of isostructural double
perovskites M3"X3*Ru>*Og (M = Ca, Sr, Ba and X = La,
Y) has been synthesized in the form of polycrystals whose
magnetic properties have been studied by the neutron
diffraction method [4]. In double perovskites, the structural
units are RuOg and YOg octahedrons, and as a result of
octahedron rotations the symmetry is lowered to P21/n.
Since both Y3* and Sr?>™ are fully ionized, one can expect
that they play no active role in the formation of the
electrical and magnetic properties of double perovskites.
From this viewpoint, SroYRuOg can be considered as a
system of (RuO(,)7_ clusters not bound directly and ordered
into a slightly distorted fcc lattice. The binding of two
neighboring ruthenium ions is achieved via two neighbor-
ing oxygen ions, i.e., Ru—O—-0O-Ru. According to neutron
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Figure 24. Antiferromagnetic order of the first type in SroYRuOg; only the
ruthenium ions forming an fcc lattice are shown [4].

diffraction data [4], the fcc lattice of ruthenium has AFM
order of the first type (Fig. 24) with a magnetic moment
u=185up instead of the nominal value of 3uy for
S=3/2.

The magnetic measurements done by Cao et al. [143] that
involved Sr, Y RuQg single crystals have proved that below T
a weak ferromagnetic state, rather than a true AFM state, is
realized, i.e., the sublattices are canted. This follows from the
absence of anisotropy in y(7") below Ty (in an antiferro-
magnet the y(7") along the easy and hard axes of magnetiza-
tion are different) and from the presence of a hysteresis loop
in the magnetization curve M(H). The remanent magnetiza-
tionin H=0at T=15 K is 0.05u5/Ru and tends to zero as
T— Tn. In a strong magnetic field (H=7T),
M = 0.5u5/Ru, which amounts to only one-sixth of the
expected saturation magnetization for S = 3/2. No singula-
rities in the M(H) curves of the metamagnetic transition type
has been discovered in Sr3Ru,O7 up to H = 7 T. The shape of
the M(H) dependence changes very little as T increases up to
70 K, which suggests that there are strong spin fluctuations
above T.

Measurements of the temperature dependences of the
electrical resistivity and magnetoresistance involving the
same SraYRuOg single crystals revealed the presence of
singularities near Ty [143]. There is no reason to believe that
each kink in the curves represents a new phase transition, so
that the validity of the conclusion drawn by Cao et al. [143]
abouta Mott transition at 17 K is doubtful. I believe that both
in p(7T) and Apy(T') a peak near Ty exists and that this peak
indicates the presence of strong carrier scattering by spin
fluctuations, while there is also the smooth section in the
curves that is typical of a semiconductor. In the 80— 150-K
range the dependence p,,(7) exhibits activation behavior
with a gap E, = 76 meV [143], which is close to Mazin and
Singh’s calculations [16], E; = 80 meV.

Mazin and Singh [16] used in their band structure
calculations the linear augmented plane wave (LAPW)
method for the AFM and FM phases. The energy of the
AFM phase is only 0.095-eV/Ru lower than that of the FM
phase, which suggests that in this ruthenate, just as in other
ruthenates, there is competition between FM and AFM
interactions. The electronic structure of Sr,YRuOg in the
AFM phase corresponds to a semiconductor with a gap
E;, =0.08eV due to the spin splitting of hybridized

tr(Ru) — p(O) states. For the FM phase, the spin subbands
overlap and form a semimetallic state.

Due to the fact that the neighboring RuOg octahedrons in
Sr2YRuOg have no common oxygen ions and are separated
by an additional O—O bond, the electronic structure is
approximated fairly well in the tight-binding method [16].
The magnetic properties can be described by the effective
Heisenberg Hamiltonian

1
Hy = _EfZRJ(R)Sf'S-”R’ (30)

where J(R) is the effective exchange integral. According to
Mazin and Singh’s calculations [16], for the nearest neighbors
of the Ru ion in the fcc lattice 2J = 0.05 eV. In view of the
indirect nature of the exchange interaction via chains of
several atoms, the exchange interaction between next-nearest
neighbors, 7, is much smaller than J. This research points to
the discrepancy between the large value of J for which one can
expect that T ~ 700—900 K, and the small value of
Tn =26 K in SroYRuOsg.

What makes the magnetic state with the AFM interaction
of the nearest neighbors in the fcc lattice so special is that, in
contrast to simple cubic and bcc lattices, in an fcc lattice it is
impossible to align all spin of the nearest neighbors antipar-
allel to the given spin, for all sites of the lattice. In other
words, it is impossible to divide the lattice into two
interpenetrating ferromagnetic sublattices. There are always
spin pairs for which AFM bond is disadvantageous. Such
bonds are said to be frustrated. Lately there has been an
upsurge of interest not only in the magnetic properties of
frustrated systems but also in their electronic properties.
Among possible examples may be the observation of the
unusual behavior of heavy fermions in LiV,04 [144, 145] and
the discovery of superconductivity with 7, =1K in
CdsRe»07 [146]. For classical spins in the Hamiltonian (30)
for frustrated lattices, the two-sublattice AFM state is not the
ground state; for instance, for an fcc lattice one can build a
more advantageous state with eight sublattices (see Gekht’s
review [147]).

The situation with quantum spin systems is even more
complicated. Frustrations suppress the two-sublattice AFM
state, with the state of a quantum spin liquid stabilized instead
[148, 149]. The reason for the suppression of the AFM state is
the presence of very strong spin fluctuations. For an AFM
state of the first type (Fig. 24), the mechanism of suppression
of this state and the nature of the quantum spin liquid have
been thoroughly studied by Kuz’min [150]. Due to frustra-
tion, the exchange interactions in the ab plane contribute
nothing to the magnon dispersion law which becomes one-
dimensional in the vicinity of the particular points of the
Brillouin zone, I =(0,0,0), Z = (0,0,2xn), and others. As a
result, the spin-wave renormalizations diverge for (S¢)
logarithmically and for Tn in a power-law manner, thus
destroying the AFM state. To stabilize this state one must
allow for additional small corrections to the exchange J: the
exchange interaction between next-nearest neighbors or the
anisotropy of the exchange or a single-ion type or the
anisotropic Dzyaloshinskii exchange; each of these correc-
tions can truncate the spin-wave divergences and stabilize the
AFM phase observed in SroYRuOg. A discussion of frustra-
tion effects [16] in terms of the Ising model, where there are no
spin waves, is not enough for understanding the discrepancy
between the small values of Ty and the large values of J.
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6. Coexistence of superconductivity
and magnetism in rutheno-cuprates

These materials are the link between the world of HTSC
cuprates and the world of ruthenates. Two families of layered
rutheno-cuprates are known: RuSr,LCu,0s (the Ru-1212
structure), and RuSr,L;,,Ce;_,Cuy0;0 (the Ru-1222 struc-
ture), with L = Sm, Eu, and Gd. The first polycrystalline
samples of Ru-1212 were synthesized by Bauerfeind et al. [151]
and Felner et al. [152] and consisted of alternating double-
layer CuO, and monolayer RuO,. The observation of
superconductivity below 7. =16 K and ferromagnetism
below Tcuie = 133 K in RuSr,GdCu,0g by Bernhard et
al. [153] (Fig. 25) immediately revived interest in the long-
standing problem of coexistence of superconductivity and
ferromagnetism [154]. It must also be noted that one of the
first observations of the coexistence of superconductivity
and ferromagnetism involved ruthenium alloys, precisely
Ce;_GdRu; [155]. According to Bernhard et al. [153], FM
order sets in RuO; layers with a magnetic moment
u(Ru) = lug, while superconductivity is related to CuO-
layers, with the spatial separation of layers preventing the
superconducting state from being destroyed by the strong
internal magnetic field of the FM layer. The conclusion
concerning FM ordering of the RuO; layer was drawn on the
basis of observations of the hysteresis loop in the magnetiza-
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Figure 25. Temperature dependences of magnetic susceptibility (a) and
magnetization (b) in a polycrystalline sample of RuSr,GdCu,Os taken on
cooling in different magnetic fields; their behavior points to the coex-
istence of ferromagnetism and superconductivity [153].

tion curves and of the results of muon spin resonance (LSR)
measurements. Later, variations in the composition of the
Ru;_,Sr;LCu,,,Og system made it possible to raise 7. to
T2 =72 K for x = 0.3—-0.4 [156].

The first-principles calculations of the band structure of
Ru-1212 conducted by Pickett et al. [157] clarified the
question of why magnetism does not suppress superconduc-
tivity. First, the large magnetic moment of Gd3*,
u(Gd) = Tug, was found to have no effect on the electronic
structure of the CuO;, and RuO; layers due to the small
overlap of the respective wave functions. Second, the
electronic structure of the CuQ; layer is almost independent
of the magnetic state of RuQO,. Despite the strong exchange
splitting (~ 1eV) of the spin subbands in the RuO; layer, the
exchange splitting induced in the CuO, layer is small (about
25 meV) due to the specific nature of the small overlap of the
wave functions of the nearly two-dimensional electronic
structures of the CuO; and RuO, layers. Hence to the first
approximation the electronic structures of the CuO, and
RuO; layers can be considered independent, and their
relationship is materialized through their common chemical
potential.

The way in which SEC effects influence the electronic
structure of cuprates and ruthenates is known and was
discussed in Section 2.6. There the magnetic mechanisms of
pairing in cuprates and in Sr;RuO4 were compared within the
framework of the r—J— I model. Since rutheno-cuprates have
the same CuO, and RuO; layers with strongly correlated
electrons and there is competition between ferromagnetic and
antiferromagnetic interactions, it is only natural to attempt to
describe the coexistence of ferromagnetism in the RuO- layer
and superconductivity in the CuO;, layer by using the —J—T1
model. When this model is applied to Ru-1212, it is assumed
that both types of layers are described by the same
Hamiltonian (18) which, however, has different sets of
parameters: Jc, > Ic, for the CuO; layer and Jry < Iy for
the RuO, layer, while the hopping parameters are roughly
equal, fcy ~ fry ~ 0.1 €V. In the CuO; layer the current
carriers are the holes close to the top of the lower Hubbard
subband of the d,>_,» —p = ¢ band, while in the RuO, layer
these carriers are the electrons near the bottom of the upper
Hubbard subband of the d,,—p = band (the y-band); the
o, B-bands of the RuO, layer act as a reservoir for the
particles. On the whole, the electronic structure of Ru-1212
is considered in Ref. [158] as being the electronic structure
of the CuO,/SrO/RuO; superlattice.

Due to AFM spin fluctuation, the CuO, layer exhibits
superconductivity of the singlet type with d>_ > symmetry. In
the RuO; layer there is severe competition between triplet
superconductivity and FM and AFM fluctuations, so that the
main question within such an approach is: Why does the same
RuO; layer in Sr,RuO4 become superconducting, while in
Ru-1212 it is magnetically ordered? To answer this question,
in Ref. [158] the phase diagram of the r—J—1I model was
examined in the (J = 0, I/, carrier concentration ) plane. In
this diagram there are phases of a normal metal, a triplet
superconductor, and a ferromagnet, with Sr,RuQj4 placed in
the superconducting region close to the boundary of the
transition to the FM phase. A slight decrease in carrier
concentration stabilizes the FM state. In Ru-1212 this
decrease is related to the electron transfer from the CuO;
layer to the RuO; layer.

The charge state of copper and ruthenium was discussed
on the basis of an analysis of the relationship between
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crystal chemistry, structure, and properties [159, 160]. While
in Y-123 cuprates the charge state of the ions can be written in
the form (for compositions close to optimal doping)

Y3+ Ba%+cu§.2+cu246+og— ,

(31)
and, generally, the copper in the CuO, layer is in the Cu**”
state, with p = 0.05—0.25, where p is the hole concentration
per CuO», layer, for Ru-1212 the corresponding formula can
be written as follows:

Ru> 81 Gd* Cu3 P03 (32)
with p ~ 0.08. Thus, the hole concentration in the CuQ; layer
corresponds to the underdoped region in the phase diagram
of HTSC cuprates, which explains the moderate values of Tt.
The study of the isotope effect when 30 is substituted for 1°0
shows that for the superconducting transition
asc = 0.12 4+ 0.04 [161], which is close to the values for other
underdoped cuprates. At the same time, the shift in the
temperature of the magnetic transition is very small,
am =~ 0.02, in contrast to the large isotope effect in the
transition to the FM phase in the manganites
La;_,Ca,MnOs [162].

The picture of the coexistence of superconductivity and
ferromagnetism in Ru-1212 that had formed by the middle of
2002 was completely shattered by the results of the neutron
diffraction studies conducted by Lynn et al. [163], who found
no FM phase but discovered AFM ordering of ruthenium
spins. Attempts to reconcile the data of magnetic measure-
ments, which indicate the existence of macroscopic magneti-
zation in the sample, with the results of neutron diffraction
studies [163] using the hypothesis of weak ferromagnetism
with two canted AFM sublattices and a net macroscopic
magnetization M do not agree with the results of Lynn et al.
[163], according to which M = 0 £ 0.1up. The band structure
calculations by Nakamura et al. [164] with a modified crystal
lattice for Ru-1212, in which the RuOg octahedrons are
rotated through an angle ¢ ~ 14° about the ¢ axis showed
the advantage of the AFM state over the FM state. Another
explanation of the situation was suggested by Chu et al. [165],
who assumed that superconducting AFM domains form as a
result of phase separation and that in the boundaries between
the domains an FM state sets in. With a crystal grain larger
than 2—5 pm, such a domain is smaller than 0.3 pm [165]. On
the whole, the situation is unclear. No one has yet repeated
the neutron diffraction studies of Lynn et al. [163]. Besides,
single crystals of rutheno-cuprates are as yet unavailable, and
all studies are conducted using polycrystalline samples.

7. Possibilities of practical application
of ruthenates

The high sensitivity of triplet superconductivity to the
presence of defects and the small values of 7 in SroRuO4
will hardly make it possible to use the superconducting
properties of ruthenates in the near future, although from
the viewpoint of materials science this class of materials is
very interesting, especially for using them in superconducting
electronics. The point is that, in contrast to cuprates,
ruthenates are highly stable thermodynamically, while their
structural characteristics are close to those of cuprates. For
instance, for YBa,;Cu3O5 the in-plane lattice parameters are
a=3.82 Aand b =3.89 A, and for S, RuO4 a = b = 3.87 A.

This fact, when combined with the good metallic properties
and high thermal conductivity and thermodynamic stability,
makes Sr,RuQy single crystals suitable for use as substrates
for epitaxial growth of thin YBa,Cu3O7 films [127]. Addi-
tional advantages of SroRuQy4 as a material for substrates are
that the single crystals can be grown quite easily by the
floating-zone method, they remain tetragonal without struc-
tural phase transitions in the entire temperature range
required, and they exhibit only a slight temperature depen-
dence of the lattice parameters [9].

The advantages of SroRuOy4 as a metallic substrate were
realized in the fabrication of epitaxial SNS heterostructures
YBa,Cu307/Sr,RuO4/YBa,CusO5 [50]. Also studied were an
SIS heterostructure with an insulating layer, Sr; LagoFeO4
(a=b=3.87A), and a field-effect transistor based on
SroRuO4 as a gate and on the isostructural oxide
Sr;LagoFeO4 as the insulating layer on which a HTSC
Y-123 or BSCCO film is grown.

Thin films of another ruthenate, SrRuOs, and of solid
solutions Sr;_,Ca,RuO3; with 0 < x < 1 are more easily
fabricated than SroRuQj4 films by the laser sputtering and
molecular-beam epitaxy methods [166]. These films proved to
be interesting objects when they were combined with ferro-
electric and dielectric perovskite oxides, e.g., as electrodes of
RAM capacitors using the perovskite (Ba,Sr)TiOs.
Obviously, the possibilities of integrating various oxides
with close lattice parameters but different electrical and
magnetic properties are very promising.

8. Conclusions

The studies conducted in the last 15 years have presented to
solid state physics such interesting classes of materials as
cuprates, manganites, and ruthenates. Structurally, these
classes are very close to each other, all having quasi-two-
dimensional layers or packets of coupled layers, but their
electronic properties differ considerably. In cuprates, the
properties are determined by the competition between
antiferromagnetic and singlet superconducting correlations,
while in manganites the competition is between ferromagnetic
and antiferromagnetic interactions. In ruthenates we are
dealing with competition between ferromagnetic, antiferro-
magnetic, and triplet superconducting fluctuations. Another
difference between ruthenates on the one hand and cuprates
and manganites on the other is that in cuprates and
manganites, the phase diagram is determined by doping, i.e.,
by changes in the electron concentration, while in ruthenates,
the change of phases in isoelectronic solid solutions is
controlled primarily by angular displacements of the RuQOg
octahedrons. The phase diagrams of doped ruthenates have
not yet been thoroughly studied, although interesting exam-
ples of phase stabilization at small dopant concentrations are
known and have been discussed in this review.

The most interesting property of ruthenates from the
fundamental viewpoint is of course the triplet superconduc-
tivity of SrRuQa4, which makes this material similar to
superfluid 3He, while in solid state physics it is known to
exist in heavy-fermion superconductors of the UPts type, in
quasi-one-dimensional superconductors, and, possibly, in the
recently discovered ferromagnetic superconductors UGe;
[167]. The chirality of the superconducting state of SroRuOg4
may lead to various interesting effects, such as the quantum
Hall effect even in the absence of magnetic field [168]. The
spontaneous quantum Hall effect emerges as a response to
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supercurrent flow. The effect is extremely weak and is difficult EZ=39.
to detect in experiments. EE=40.
Another open question is the possibility of triplet super-
conductivity in Sr3Ru,O7. To answer it, we must learn to
grow perfect single crystals with a residual resistivity
Pres < 1 pQ cm. A unique possibility is presented by ruthe- mm43.
nates from the viewpoint of integrating them with cuprates,  44.
both in natural superlattices of rutheno-cuprates of the Ru-
1212 and Ru-1222 type and in artificially fabricated SNS and
SIS heterostructures, which is also interesting from the s,
application standpoint. 47
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